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Using newly developed quantum-classical hybrid framework, we investigate interaction between
spin-polarized conduction electrons and a single spin wave (SW) coherently excited within a metallic
ferromagnetic nanowire. The SW is described by classical atomistic spin dynamics as a collection
of localized magnetic moments on each atom, which precess as classical vectors with harmonic
variation in the phase of precession of adjacent moments around the local magnetization direction.
The conduction electrons are described quantum-mechanically using time-dependent nonequilibrium
Green functions. When the nanowire hosting SW is attached to two normal metal (NM) leads, with
no dc bias voltage applied between them, the SW pumps chiral electronic charge and spin currents
into the leads—their direction is tied to the direction of SW propagation and they scale linearly
with the frequency of the precession. This is in contrast to: standard pumping by the uniform
precession mode with identical spin currents flowing in both directions and no accompanying charge
current; or experimentally observed [C. Ciccarelli et al., Nat. Nanotech. 10, 50 (2014); M. Evelt et
al., Phys. Rev. B 95, 024408 (2017)] magnonic charge pumping which requires spin-orbit coupling
(SOC). The mechanism behind our prediction is nonadiabaticity due to time-retardation effects—
motion of localized magnetic moment affects conduction electron spin in a retarded way, so that it
takes a finite time until the electron spin reacts to the motion of the classical vector. This makes
the two vectors misaligned, even for zero SOC, and we visualize retardation effects by computing
the spatial profile of nonadiabaticity angle between these two vectors across the nanowire. Upon
injecting dc spin-polarized charge current from the left NM lead, electrons interact with SW where
outflowing charge and spin current into the right NM lead are changed due to both scattering off
time-dependent potential generated by the SW and superposition with the currents pumped by the
SW itself. Using Lorentzian voltage pulse to excite leviton out of the Fermi sea, which carries one
electron charge with no accompanying electron-hole pairs and behaves as soliton-like quasiparticle,
we describe how a single electron interacts with a single SW.
I. INTRODUCTION
In the semiclassical picture [1, 2], a spin wave (SW) is
a disturbance in the local magnetic ordering of a ferro-
magnetic material in which localized magnetic moments
precess around the easy axis with the phase of precession
of adjacent moments varying harmonically in space over
the wavelength λ, as illustrated in Fig. 1. The quanta of
energy of SW behave as a quasiparticle, termed magnon,
which carries energy ~ω and spin ~. The frequency ω of
the precession is commonly in GHz range of microwaves,
but it can reach THz range in antiferromagnets [3]. The
SWs can be excited in equilibrium as incoherent thermal
fluctuations, which then reduce the total magnetization
with increasing temperature [4]. They can also be ex-
cited by external fields [5–10] which leads to coherent
propagation of SWs as a dispersive signal.
Out of equilibrium, electron-magnon interaction is en-
countered in numerous phenomena in spintronic devices,
such as inside magnetic layers or at their interfaces with
layers of normal metals and insulators. For example,
such processes can: increase resistivity of ferromagnetic
metal (FM) with temperature due to spin-flip scatter-
ing from thermal spin disorder [11, 12]; play an essential
∗ bnikolic@udel.edu
role in the laser-induced ultrafast demagnetization [13];
generate nontrivial temperature and bias voltage depen-
dence of tunneling magnetoresistance in magnetic tun-
nel junctions [14, 15]; open inelastic conducting chan-
nels [16]; contribute to spin-transfer [17–19] and spin-
orbit torques [20]; and convert magnonic spin currents
into electronic spin current or vice versa at magnetic-
insulator/normal-metal interfaces [10, 21–23]. Magnon
driven chiral charge pumping—where magnon generates
electronic charge current in the absence of any bias volt-
age with the direction of current changing upon changing
the direction of magnon propagation—has also been ob-
served experimentally [7, 24], while crucially relying on
the presence of spin-orbit coupling (SOC).
The nonequilibrium many-body perturbation the-
ory [15, 22], formulated using Feynman diagrams for
nonequilibrium Green function (GF) [25], offers rigor-
ous quantum-mechanical treatment of both electrons and
magnons, once the original spin operators are mapped to
the bosonic ones [26]. However, to ensure current conser-
vation, one has to sum large classes of such diagrams [27]
which can lead to errors due to missed vertex correc-
tions [28]. Furthermore, due to small magnon bandwidth,
small electron-magnon interaction constant Jsd in the
realm of electrons can become strongly correlated regime
for magnons due to large ratio Jsd/magnon-bandwidth.
This can lead to quasibound states of magnons sur-
rounded by electron-hole pairs [15], therefore suggesting
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2FIG. 1. Schematic view of two-terminal setups where FM
wire, modeled as 1D chain of ferromagnetic atoms [29], hosts
SW comprised of N = 10 localized magnetic moments Mi(t)
precessing as classical vectors with frequency ω and cone an-
gle θ = 10◦ [6], as well as with harmonic variation in the
phase of precession of adjacent moments. The wire is at-
tached to L and R semi-infinite NM leads which terminate
into the macroscopic reservoirs where in: (a) no bias voltage
is applied between the reservoirs; (b) small bias voltage Vb is
applied to inject dc unpolarized charge current into the wire,
which is then spin-polarized by three fixed spins (red arrows);
and (c) Lorentzian voltage pulse [30, 31] is applied between
the reservoirs to inject leviton current pulse IL(t) into the
wire carrying charge
∫
dt IL(t) = 2e.
that complicated higher order diagrams should be eval-
uated. This severely limits system size in two-terminal
geometries of Fig. 1 or time scale over which electronic
spin and charge currents, or magnonic spin current, can
be computed. Since both electrons and magnons have in-
trinsic angular momentum, their translational flow leads
to a flux of spin angular momentum as spin current.
On the other hand, experiments [5–8] exciting dipole
or exchange dominated SWs are commonly interpreted
using classical micromagnetics [1] or atomistic spin dy-
namics [2] simulations (the latter is akin to the former
but with atomistic discretization). They describe SWs
using trajectories of classical vectors Mi(t) of fixed (unit)
length, pointing along the direction of localized magnetic
moments, which precesses around an easy axis with fre-
quency ω and precession cone angle θ, as illustrated in
Fig. 1. The cone angle has been measured [6] as θ . 10◦.
In this study, we employ recently developed mul-
tiscale and nonperturbative (i.e., numerically exact)
time-dependent-quantum-transport/classical-atomistic-
spin-dynamics formalism [32–34] to the problem of
electron-SW interaction. This makes possible treating
large number of time-dependent localized spins in
experimentally relevant noncollinear configurations and
over technologically relevant time scales ∼ 1 ns. The for-
malism combines time-dependent nonequilibrium Green
function (TDNEGF) [25, 35] description of electrons out
of equilibrium in open quantum systems, such as those
illustrated in Fig. 1, with the Landau-Lifshitz-Gilbert
(LLG) equation describing classical dynamics of localized
magnetic moments. The classical treatment of localized
magnetic moments is justified [36] in the limit of large
localized spins S → ∞ and ~ → 0 (while S × ~ → 1),
as well as in the absence of entanglement [37] between
quantum state of localized spins which is expected to be
satisfied at room temperature.
The paper is organized as follows. In Sec. II we intro-
duce SW solution and its coupling to quantum Hamilto-
nian of electrons and TDNEGF calculations. Since expla-
nation of electron-SW scattering for dc injected electronic
current [Sec. III C] or leviton current pulse [Sec. III D]
crucially relies on understanding of how SW pumps spin
and charge currents in the absence of any bias voltage, we
carefully analyze the origin of such pumping in Sec. III A
and Sec. III B, respectively. This includes computation of
nonadiabaticity angle between nonequilibrium electronic
spin density and localized magnetic moments in Sec. III B
which visualizes time-retardation effects. We conclude in
Sec. IV.
II. MODELS AND METHODS
Since we assume that a single coherent SW has been
excited externally, such as by microwave current flowing
through narrow antennas [7], we fix dynamics of localized
magnetic moment Mi(t) at site i of a one-dimensional
(1D) lattice to be the SW solution [1, 2] of the LLG
equation (for simplicity without damping):
Mxi (t) = sin θ cos (kxi + ωt) , (1a)
Myi (t) = sin θ sin (kxi + ωt) , (1b)
Mzi (t) = cos θ. (1c)
Due to 1D geometry, the wavevector is just a number
k = 2pi/[a(N − 1)] = 2pi/λ, while the discrete coordinate
is xi = (i − 1)a and N is the total number of localized
magnetic moments. Note that the uniform mode–which
describes all magnetic moments precessing in-phase in
magnetic materials driven by microwaves under the fer-
romagnetic resonance conditions [38]—is obtained by set-
ting k = 0. Even though we employ 1D geometry as
a toy model of a realistic three-dimensional FM layer,
such 1D geometries can be realized experimentally, such
as by using an artificial chain of ferromagnetically cou-
pled Fe atoms whose SWs are excited and detected using
atom-resolved inelastic tunneling spectroscopy in a scan-
ning tunneling microscope [29]. We note that solution
in Eq. (1) also appears in classical micromagnetics [1],
but there Mi represents magnetization of a small volume
of space, typically (2–10 nm)3, rather than of individual
atoms [2] that we must assume in order to couple classical
dynamics of Mi(t) to time-dependent quantum transport
calculations where electrons hop from atom to atom.
3The FM nanowire hosting such SW is an active re-
gion of devices in Fig. 1, which is attached to two
normal metal (NM) semi-infinite leads terminating into
the macroscopic reservoirs. We use three different two-
terminal geometries depicted Fig. 1: (a) no bias voltage
Vb is applied between the left (L) and right (R) reser-
voirs kept at the same chemical potential µL = µR; (b)
small dc bias voltage, eVb = µL − µR = 0.01 eV, is ap-
plied between the reservoirs to inject unpolarized charge
current into the active region where electrons are spin-
polarized by three static localized magnetic moments [red
arrows in Fig. 1(b)] pointing along the z-axis; and (c) the
Lorentzian voltage pulse [30, 31] applied to the left NM
lead injects a leviton current pulse IL(t) carrying charge∫
dt IL(t) = 2e, which is then spin-polarized by the same
three static localized magnetic moments as in (b).
The quantum Hamiltonian of electrons within the FM
nanowire is chosen as 1D tight-binding model
Hˆ(t) = −
∑
〈ij〉
γij cˆ
†
i cˆj − Jsd
∑
i
cˆ†iσ ·Mi(t)cˆi, (2)
with an additional sd exchange interaction of strength
Jsd = 0.5 eV [39] between the spins of the conduction
electrons, described by the vector of the Pauli matri-
ces σ = (σˆx, σˆy, σˆz), and Mi(t) from Eq. (1). Here
cˆ†i = (cˆ
†
i↑ cˆ
†
i↓) is a row vector containing operators cˆ
†
iσ
which create an electron with spin σ =↑, ↓ at site i; cˆi
is a column vector containing the corresponding annihi-
lation operators; and γij = 1 eV is the nearest-neighbor
hopping. The NM leads are described by the same Hamil-
tonian as in Eq. (2) but with Jsd ≡ 0.
The fundamental quantity of nonequilibrium quan-
tum statistical mechanics is the density matrix.
The time-dependent one-particle density matrix can
be expressed [35], ρneq(t) = G
<(t, t)/i, in terms
of the lesser GF of TDNEGF formalism defined
by G<,σσ
′
ii′ (t, t
′) = i〈cˆ†i′σ′(t′)cˆiσ(t)〉 where 〈. . .〉 is the
nonequilibrium statistical average [25]. We solve a ma-
trix integro-differential equation [40]
i~
dρneq
dt
= [H(t),ρneq] + i
∑
p=L,R
[Πp(t) + Π
†
p(t)], (3)
for the time evolution of ρneq(t) where H(t) is the ma-
trix representation of Hamiltonian in Eq. (2). This can
be viewed as an exact master equation for the reduced
density matrix of an open finite-size quantum system at-
tached to macroscopic Fermi liquid reservoirs via semi-
infinite NM leads. The leads ensure continuous energy
spectrum of the system and, thereby, dissipation. The
Πp(t) matrices
Πp(t) =
∫ t
t0
dt2 [G
>(t, t2)Σ
<
p (t2, t)−G<(t, t2)Σ>p (t2, t)],
(4)
are expressed in terms of the lesser and greater GF
and the corresponding self-energies Σ>,<p (t, t
′) [40].
They yield directly time-dependent total charge,
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FIG. 2. Time-dependence of electronic spin currents
ISαL (t) = I
Sα
R (t) pumped symmetrically [38, 42] into the L and
R NM leads of setup in Fig. 1(a) whose localized magnetic
moments precess as a uniform mode with k = 0 in Eq. (1).
The Fermi energy is chosen as EF = −1.6 eV, the frequency
of precession is ~ω = 0.005 eV, the total number of localized
magnetic moments is N = 10 and dc bias voltage is absent
Vb ≡ 0.
Ip(t) =
e
~Tr [Πp(t)], and spin, I
Sα
p (t) =
e
~Tr [σˆαΠp(t)],
currents flowing into the lead p = L,R. Local cur-
rents [41], or any other local quantity within the active
region, are obtained by tracing the corresponding opera-
tor with ρneq(t). We use the same units for charge and
spin currents, defined as Ip = I
↑
p + I
↓
p and I
Sα
p = I
↑
p − I↓p ,
in terms of spin-resolved charge currents Iσp . In our con-
vention, positive current in NM lead p means charge or
spin is flowing out of that lead.
III. RESULTS
A. Spin-wave-driven chiral spin pumping
As a warm-up, we first consider standard [38, 42–44]
spin pumping by the uniform mode, with k = 0 in Eq. (1)
and no dc bias voltage applied, which will serve as a
reference point for subsequent discussion. In this case,
identical pure (i.e., not accompanied by any charge cur-
rent) spin currents ISαL (t) = I
Sα
R (t) are pumped into both
leads, as shown in Fig. 2. Their ISzL = I
Sz
R components
are time independent, and their negative sign shows that
they flow into the NM leads, as obtained also in the
scattering theory [38], rotating frame approach [42] or
Floquet-NEGF theory [43, 44].
On the other hand, the excited SW in the setup of
Fig. 1(a) pumps both charge and spin currents into the
NM leads in the absence of any dc bias voltage. Their
time dependences, ISαp (t) and Ip(t), are shown in Fig. 2
after transient currents have died out. Furthermore,
in contrast to pumping by the uniform mode, we find
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FIG. 3. Time-dependence of electronic spin currents pumped
into the (a) left and (b) right NM leads of setup in Fig. 1(a)
whose localized magnetic moments precess as coherent SW
mode with k 6= 0 in Eq. (1). (c) The SW with its nonuniform
precessing magnetic moments also pumps dc charge current
IL = −IR into the NM leads, whose dependence on frequency
(solid line) in panel (d) is linear ∝ ω (dash-dot line). The
Fermi energy is chosen as EF = −1.6 eV, the frequency of
SW is ~ω = 0.005 eV, the total number of localized magnetic
moments is N = 10 and dc bias voltage is absent, Vb ≡ 0.
|ISzL | > |ISzR |. This is due to the spin current carried
by the SW itself [10]. That is, spin current carried by
the SW must be “transmuted” [45] into electronic spin
current at the FM-wire/NM-left-lead interface [8, 10, 34]
because no localized magnetic moments exist in the NM
lead to support transport of angular momentum via their
dynamics. This current is then added or subtracted to
symmetrically pumped spin currents into the left or right
NM leads, respectively. This interpretation is supported
by the fact that changing the sign of k in Eq. (1) leads
to a reversed situation, |ISzL | < |ISzR |.
B. Spin-wave-driven chiral charge pumping
The charge pumping in spintronic devices with ex-
cited coherent SWs was observed experimentally in
compressively strained (Ga,Mn)As bar [24], as well as
in YIG/graphene [7]. In the latter case, SW is ex-
cited within insulating YIG while pumped current flows
through metallic graphene where localized magnetic mo-
ments are induced by proximity exchange coupling [46].
However, both of these experimental setups require SOC,
unlike our setup in Fig. 1(a) where SOC is absent.
In the adiabatic limit [47], the conduction electron spin
at site i, 〈sˆi〉t = ~2Tr [ρneq(t)|i〉〈i| ⊗ σ], follows strictly
the direction of localized magnetic moment Mi(t) at the
same site. In this limit, the charge pumping by time-
dependent noncoplanar and noncollinear magnetic tex-
ture, described by local magnetization m(r, t) as a con-
tinuous variable, is predicted by the spin motive force
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FIG. 4. The dependence of charge current from Fig. 3(c) on:
(a) precession cone angle θ; and (b) wavevector k of the SW.
The solid lines are obtained from TDNEGF calculations and
the dashed line is obtained from modified [7] SMF formula in
Eq. (8).
(SMF) theory [48–52]
jα(r) = C[∂αm(r, t)×m(r, t)] · ∂tm(r, t). (5)
This formula is rooted in the associated geometrical
Berry phase. Here ρeq is the equilibrium density ma-
trix; C = PG0~/2e; P = (G↑ −G↓)/(G↑ +G↓) is the
spin polarization of the ferromagnet; and G0 = G
↑ +G↓
is the total conductivity. We use notation ∂t = ∂/∂t and
∂α = ∂/∂α for α ∈ {x, y, z}. If we plug SW solution
for the local magnetization—mx(x) = sin θ cos(kx+ ωt);
my(x) = sin θ sin(kx + ωt); and mz(x) = cos θ—into
Eq. (5) we obtain zero pumped charge current, jx(x) ≡ 0.
It is worth clarifying that if plug SW solution from
Eq. (1) into the discretized version of Eq. (5)
jx(i) =
C
a
[∂tMi ×Mi+1] ·Mi, (6)
we actually obtain a nonzero result,
jx(i) =
Cω
a sin θ sin 2θ sin
2(ka/2). This apparently con-
tradicts jx(x) ≡ 0 obtain from the continuous formula
in Eq. (5). However, in the limit of the lattice spacing
going to zero, a → 0, we have lima→0 1a sin2(ka/2) = 0
and, therefore, the same conclusion, jx(i) ≡ 0.
In Ref. [7], a modified version of the SMF formula
jα(r) = C[∂αm(r, t)×m(r, t) + β∂αm(r, t)] · ∂tm(r, t),
(7)
was employed to explain the experiment. Here adding
nonadiabatic correction of magnitude β to purely geo-
metrical first term was justified [7] as the consequence of
slight misalignment between electron spin and localized
magnetic moments caused by SOC and thereby induced
relaxation of nonequilibrium electron spin density. Thus,
using SW solution in the discretized version of β-term in
Eq. (7) gives
jβx (i) = Cβ∂tMi ·
(
Mi+1 −Mi
a
)
= Cβω sin2 θ
(
sin ka
a
)
−−−→
a→0
Ckω sin2 θ. (8)
5FIG. 5. (a),(b) Spatial profile at time t = 2pi/ω of the in-xy-plane component of nonequilibrium electronic spin density vector
〈sˆi〉t and localized magnetic moments Mi(t) across FM nanowire hosting a SW of wavevector k ' 0.2a. Inset on the left
illustrates the nonadiabaticity angle δi between these two vectors. (c),(d) Spatial profile of nonadiabaticity angle δi(t) at time
t = 2pi/ω. (e),(f) Time dependence of δi=5(t) at site i = 5. In panels (a),(c),(e) SOC is absent, while in panels (b),(d),(f)
we use Rashba SOC in Eq. (9) of strength tSO = 0.1 eV. Two different values of sd exchange interaction in the Hamiltonian
[Eq. (2)] are used, Jsd = 0.05 eV (red lines) and Jsd = 0.5 eV (green lines). The Fermi energy is chosen as EF = −1.6 eV, the
frequency of SW is ~ω = 0.005 eV, the total number of localized magnetic moments is N = 20 and dc bias voltage is absent,
Vb ≡ 0.
The final result explains experimentally observed [7] chi-
ral nature of pumping where charge current changes sign
upon k → −k.
We compare this result with the one from TDNEGF
calculations in Fig. 4, where they track each other
[Fig. 4(a)] as a function of cone angle θ, except around
θ = 90◦; as well as as a function of k [Fig. 4(a)] within
|k| . 0.2pi/a interval. Since our TDNEGF calculations
are numerically exact, such deviations (for values of θ and
k not commonly found in experiments though [6, 8]) stem
from the fact that the SMF formula in Eq. (7) contains
only the lowest order [50] time and spatial derivatives of
local magnetization.
This also demonstrates how TDNEGF calculations au-
tomatically include nonadiabatic effects in spin dynamics
even when SOC is zero. The origin of β-term in Eq. (7) in
the absence of SOC, which is effectively generated by TD-
NEGF calculations in Fig. 4, is that direction of nonequi-
librium electron spin density at site i, 〈sˆi〉t, is always
somewhat behind the ‘adiabatic direction’ set by the clas-
sical vector Mi(t). So, the nonadiabaticity results from
the fact that the motion of the classical spin affects the
conduction electrons in a retarded way [53]—it takes a fi-
nite time until the local conduction electron spin 〈sˆi〉t re-
acts to the motion of the classical spin. This is visualized
in Fig. 5(a),(c) where nonadiabaticity angle δi(t) between
〈sˆi〉t and Mi(t) decreases with increasing Jsd (realistic
values measured experimentally are Jsd ' 0.1 eV [39]).
In the absence of SOC, the angle δi(t) in Fig. 5(e) is time
independent. The resulting spin torque, ∝ 〈sˆi〉t×Mi(t),
exerted on the classical localized magnetic moment acts
then like an additional Gilbert damping which is, gener-
ally, described by nonlocal-in-time damping kernel with
memory effects [33, 53, 54]. Note, however, that we fix
the dynamics of localized magnetic moments to SW solu-
tions in Eq. (1), rather than solving TDNEGF and LLG
equations self-consistently [32–34].
For comparison, in Fig. 5(b),(d) we use additional
Rashba SOC term [55] in the quantum Hamiltonian in
Eq. (2)
HˆSO =
∑
ij
cˆ†itij cˆj , (9)
where tij = −itSOσˆy for i = j + 1. The strength of
the Rashba SOC is chosen as tSO = 0.1 eV, which gen-
erates conventional static Gilbert damping αG = 0.01
via the scattering theory [56] as the typical value [57]
found in FM nanowires. This additional Rashba SOC
leads to increase of δi in Fig. 5(b),(d) when compared to
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FIG. 6. Time-dependence of electronic spin currents in the
(a) left and (b) right NM leads of setup in Fig. 1(b) whose
localized magnetic moments start to precess at t = 500 fs
as a coherent SW with k 6= 0 in Eq. (1) in the presence of
a flux of electrons injected into the active region by dc bias
voltage eVb = 0.01 eV. The electrons are spin-polarized by
three fixed spins (red arrows) in Fig. 1(b). The correspond-
ing time-dependence of their charge current IR(t) is shown
in panel (c). Panel (d) plots time dependence of IR(t) for
“frozen-in-time” [12] SW where t = 0 in Eq. (1). The Fermi
energy is chosen as EF = −1.6 eV, the frequency of SW is
~ω = 0.005 eV, the total number of localized magnetic mo-
ments is N = 10 and dc bias voltage is Vb = 0.01 V.
Fig. 5(a),(c), respectively. It also generates periodic time
dependence of δi(t) in Fig. 5(f).
Another way to interpret the origin of charge pump-
ing by SW is to analyze its frequency dependence shown
in Fig. 3(d). This complies with the general theory of
“adiabatic” quantum pumping [41, 58, 59] since it scales
linearly with frequency in the physically relevant fre-
quency range GHz–THz [3]. Note that terminology “adi-
abatic” in this context is not related to spin (unlike the
preceding discussion where adiabatic means that flow-
ing electron spin and localized spins are aligned instanta-
neously [47])—instead it signifies sufficiently slow change
of harmonic potential driving the quantum system so
that its frequency is ~ω  EF and/or smaller than rel-
evant relaxation time for electrons. In contrast, charge
pumping by SW in YIG/graphene heterostructure with
SOC peaks between 5 and 7 GHz [7]. We recall that such
linear scaling is in accord with the key requirement—
breaking of left-right symmetry—for nonzero dc compo-
nent of quantum charge pumping by a time-dependent
potential [41, 58, 59]. This can be achieved by break-
ing inversion symmetry and/or time-reversal symmetry.
In the “adiabatic” regime, quantum charge pumping re-
quires both inversion and time-reversal symmetries to be
broken dynamically, such as by two spatially separated
potentials oscillating out-of-phase [58], which leads to
I¯p(t) ∝ ω at low frequencies (A¯ is the average of quantity
A over one period). In the case of SW, it is the wave-like
pattern of precessing localized magnetic moments which
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FIG. 7. Time-dependence of electronic spin currents ISαR (t)
in the right NM lead after unpolarized leviton is injected by
the Lorentzian voltage pulse [30, 31] into the active region
hosting: (a) three static localized magnetic moments (red ar-
rows) pointing along the z-axis, acting as spin-polarizer, fol-
lowed by SW excited at t = 500 fs, as illustrated in Fig. 1(c);
(b) three static localized magnetic moments and a “frozen-
in-time” SW excited at t = 500 fs. Panels (c) and (d) show
time dependence of the charge current IR(t) corresponding to
(a) and (b), respectively. In addition, panels (b) and (d) plot
(dotted lines) time dependence of ISαR (t) and IR(t), respec-
tively, for the active region containing only the three static
localized magnetic moments pointing along the z-axis. The
Fermi energy is chosen as EF = −1.6 eV, the frequency of SW
is ~ω = 0.005 eV and the total number of localized magnetic
moments is N = 10.
dynamically breaks the left-right symmetry in Fig. 1(a),
with respect to vertical plane positioned between mo-
ments localized at sites i = N/2 and i = N/2 + 1.
In contrast, in the “nonadiabatic” regime only one of
those two symmetries needs to be broken and this does
not have to occur dynamically. The dc component of
the pumped current in the “nonadiabatic“ regime is [59]
I¯p(t) ∝ ω2 at low frequencies as obtained in, e.g., the
case of charge pumping by uniform mode across poten-
tial barrier that breaks the left-right symmetry of the
device statically [42].
C. Electron/spin-wave scattering for injected dc
spin-polarized charge current
For the setup in Fig. 1(b), we first establish (after some
transient period not shown explicitly) steady charge cur-
rent IR [flat line in Fig. 6(c) for t < 500 fs] of electrons
injected by dc bias voltage into 3 + 10 static localized
magnetic moments oriented along the z-axis. The ini-
tially unpolarized current becomes spin-polarized due to
static moments, as characterized by steady spin current
ISzR 6= 0 [flat line in Fig. 6(b) for t < 500 fs] and the
corresponding spin-polarization Pz = |ISzR |/|IR| ≈ 50%.
Then at t = 500 fs we suddenly excite SW composed of
710 precessing localized magnetic moments in Fig. 1(b).
This induces transient currents around that instant which
help us to visualize the boundary between the time in-
terval without and with SW being present. Within
the time interval t > 500 fs where SW is present, new
time-dependent spin currents ISxp (t) and I
Sy
p (t) emerge
[Fig. 6(a),(b)] due to spin pumping by SW demonstrated
in Fig. 3(a),(b).
Concurrently, dc spin currents ISzL [Fig. 6(a)] and I
Sz
R
[Fig. 6(b)], as well as dc charge current IR [Fig. 6(c)],
are reduced compared to their values prior to SW
excitation. This reduction is mostly due to charge
and spin currents pumped in the direction right-NM-
lead→left-NM-lead in Fig. 3, which is opposite to the
flow of originally injected charge and spin currents
by dc bias voltage. Thus, outflowing spin and charge
currents in the right NM lead can also be enhanced
if we invert the sign of k in Eq. (1) and, therefore,
the direction of SW propagation. Another reason for
the reduction is backscattering of electrons by time-
dependent potential generated by SW, whose magnitude
for charge current shown in Fig. 6(c) we estimate using
[IR(t < 500 fs)− IR(t > 500 fs) + ISWR ]/IR(t < 500 fs)
to be less than 1%. Here ISWR denotes charge current
pumped by SW [Fig. 3(c)] in the absence of dc bias
voltage.
Recent time-independent quantum transport calcula-
tions [12] of the resistance of FM have include “frozen
magnons” as correlated spin disorder where localized
spins are tilted away from the easy axis in accord with
thermal population of magnon modes. To understand
time-dependent effects missed in such calculations, we
freeze localized magnetic moments by setting t = 0 in
Eq. (1). The scattering from such “frozen-in-time” SW
leads to much smaller current reduction in Fig. 6(d).
D. Electron/spin-wave scattering for injected
spin-polarized charge current leviton pulse
In order to simulate single-electron/single-SW
scattering, we inject pulsed current into the ac-
tive region using the Lorentzian voltage pulse [40],
VL(t) = 2~τ/[(t− t0)2 + τ2], where the pulse duration
is τ = 7.5~/γ. As confirmed experimentally [60], such
special pulse profile with e~
∫
dt VL(t) = 2pin [61] drives
the Fermi sea in the left reservoir to ensure [30, 31]
excitation of an integer number n of purely electronic
states above the sea. They appear without spurious
electron-hole pairs and exhibit minimal [62] nonequilib-
rium noise in charge transfer across the active region. We
use n = 2, so that injected unpolarized charge current
pulse, called leviton [60], carries charge
∫
dt IL(t) = 2e.
This can be viewed as minimalistic unpolarized current
composed of one spin-↑ and one spin-↓ electron flow-
ing together. Upon spin-polarization by three static
localized magnetic moments in Fig. 1(c), the leviton
interacts with SW excited suddenly at t = 500 fs. After
such interaction, leviton outflows into the right NM
lead where its spin and charge currents are plotted
in Figs. 7(a) and 7(c), respectively. For comparison,
Figs. 7(b) and 7(d) plot spin and charge currents in
the right NM lead, respectively, for a leviton interacting
with “frozen-in-time” SW. In addition, Figs. 7(b) and
7(d) also include (dotted lines) spin and charge current
of leviton outflowing into the right NM lead when SW in
Fig. 1(c) is removed from the active region. The integrals
for outflowing spin-polarized leviton after scattering
from SW in Figs. 7(a) and 7(c) are
∫
dt ISzR (t) = 0.939e
and
∫
dt IR(t) = 0.822e, respectively. They can be
compared to
∫
dt ISzR (t) = 0.944e and
∫
dt IR(t) = 0.827e
in Figs. 7(b) and 7(d), respectively. Note that the the
ratio of integrals of two dotted curves in Figs. 7(b) and
7(d) is Pz = |
∫
dt ISzR (t)|/|
∫
dt IR(t)| ≈ 40% which can
be considered as the spin-polarization of leviton after
passing through three static localized magnetic moments
in Fig. 1(c).
IV. CONCLUSIONS
In conclusion, using time-dependent-quantum-
transport/classical-atomistic-spin-dynamics multiscale
framework [32–34] we predict that SW coherently
excited within a metallic ferromagnet will pump chiral
electronic charge and spin currents into the attached
normal metal leads. The chirality of pumped currents
means that their direction is tied to the direction of
SW propagation, changing upon reversal of the SW
wavevector. The pumped currents scale linearly with
the frequency of the SW in experimentally relevant
GHz–THz range. In contrast, recent experiments on
“magnonic charge pumping” [7, 24] were interpreted
by requiring nonzero SOC to introduce misalignment
between electron spin and localized magnetic moments,
thereby adding nonadiabatic contribution [7] to the spin
motive force formula [48–52]. This formula describes
charge pumping by time-dependent noncoplanar and
noncollinear magnetic textures. Although SW is an
example of such texture, standard purely adiabatic
(i.e., for electron spin and localized spins aligned in-
stantaneously) spin motive force formula [Eq. (5)] valid
in the absence of SOC predicts zero pumped charge
current [Sec. III B]. Thus our prediction reveals the
importance of time-retardation effects [33, 53], where
conduction electron spin is always somewhat behind the
‘adiabatic direction’ set by the classical localized spins.
The retardation is visualized [Fig. 5] by plotting the
nonadiabaticity angle between conduction electron spin
and classical localized magnetic moment, both in the
absence and presence of SOC. When dc spin-polarized
charge current is injected into the ferromagnet, electrons
interact with SW in such a way that the outflowing
charge and spin current are changed both by the scatter-
ing off time-dependent potential generated by the SW
and superposition with the currents pumped by the SW
8itself. Using Lorentzian voltage pulse to excite leviton
out of the Fermi sea, which carries one electron charge
with no accompanying electron-hole pairs and behaves
as soliton-like quasiparticle, we also show how a single
electron scatters from a single SW.
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